© RSNA, 2003 Findings in recent studies indicate that enhancement of malignant solitary pulmonary nodules following intravenous administration of contrast material is greater than that of benign solitary pulmonary nodules depicted on computed tomographic (CT) scans and magnetic resonance (MR) images (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In the studies, only the maximum enhancement of a solitary pulmonary nodule was evaluated, which is the first half of the time-attenuation or time-signal intensity (SI) curve (the inflow of contrast material to a solitary pulmonary nodule); the latter half (the washout of contrast material from a solitary pulmonary nodule) remains largely uninvestigated.
Recently, it has been shown that histologic assessment of tumor microvessel density and expression of vascular endothelial growth factor (VEGF) are important prognostic factors in non-small cell lung cancers (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . It has also been reported that contrast enhancement at CT and MR imaging correlates with measurements of tumoral microvessel density grade (MVDG) and microvessel counts, that is, tumor angiogenesis (3, 4, 24, 25) . The role of MR imaging has been limited to the assessment of differences in SI characteristics of benign and malignant nodules (7) (8) (9) (10) (11) . We postulated that evaluation of dynamic MR images following intravenous administration of contrast material would correlate with tumor angiogenesis and therefore would be helpful in the prediction of the prognosis. The aim of this study was to correlate the findings at contrast material-enhanced dynamic MR imaging of small peripheral pulmonary carcinomas with tumor vascularity and prognosis.
MATERIALS AND METHODS

Patients
Between 1991 and 1998, we retrospectively reviewed the records of 94 patients who had undergone gadopentetate dimeglumine-enhanced dynamic MR imaging within 2 weeks before surgical resection of a peripheral pulmonary carcinoma that was 3 cm or smaller in largest diameter. Our institutional review board does not require its approval or informed consent for review of a patient's records, files, and images.
The patients ranged in age from 44 to 81 years (mean age, 65.6 years); 56 were men and 38 were women. All patients underwent diagnostic procedures before surgery, and these procedures included brain CT or MR imaging, whole-body CT, and bone scintigraphy. Each patient had one peripheral pulmonary carcinoma; 67 had adenocarcinoma and 27 had squamous cell carcinoma. The 94 pulmonary carcinomas ranged from 1.0 to 3.0 cm (mean, 2.4 cm) in diameter. Sixty-four patients had stage IA cancer, 11 patients had stage IIA cancer, and 19 patients had stage IIIA cancer (26) . Findings were negative for lymph node metastasis in 64 patients, and they were positive for lymph node metastasis in 30 patients. The pathologic N factor was N0 in 64 patients, N1 in 11 patients, and N2 in 19 patients.
Dynamic MR Imaging Studies
All MR images were obtained with a 0.5-T superconducting system (Magnex 50HP; Shimadzu, Kyoto, Japan). The dynamic studies were performed with a T1-weighted spin-echo sequence (150/10 repetition time msec/echo time msec, one signal acquired) during breath hold at full inspiration. Three oblique sagittal or transverse images that included the center of the tumor and excluded the heart and great vessels were chosen for the dynamic MR imaging study to avoid cardiac and arterial motion artifacts. A section thickness of 8 mm and a section interval of 10 mm were chosen to maintain a sufficient signal-to-noise ratio, and a 256 ϫ (256 ϫ 0.8) rectangular matrix, a 30 ϫ 30-cm field-of-view, and one signal acquired were used. The sampling time per image was 16 seconds. After the first spin-echo sequence, a manual injection of a bolus of 0.1 mmol per kilogram of body weight of gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany) was administered intravenously with a 21-gauge butterfly infusion set (Hakko Shoji, Tokyo, Japan) during 10 seconds. The injection was administered by using a small syringe and a stopwatch to ensure even injection of contrast material throughout the 10 seconds. Postcontrast dynamic MR images were obtained at 1, 2, 3, 4, 5, 6, and 8 minutes after completion of the intravenous injection (Fig 1a) .
Image Analysis
Two observers (H.T., J.S.) who had no knowledge of the patients' clinical or histologic data reviewed all images and determined a decision with consensus.
Tumor enhancement on the dynamic (2) . Time-SI curves were obtained for the values derived from each image plotted against time; the SI before injection (SI prior ), the time lapse between the completion of the injection and the point of maximum SI (T max ), and the SI at T max (SI max ) were determined for each image (Fig 2) . The enhancement ratio at T max (maximum enhancement ratio [MER]) was calculated as the percentage of increase of the SI between the SI prior and the SI max as follows: MER ϭ (SI max Ϫ SI prior ) ϫ 100/ SI prior (percent). When the rate of increase of SI toward the peak was less than 3%, MER was defined as the peak of the time-SI curve or as before the point of the peak (27) . The slope value of the time-SI curve was calculated as the percentage of increase of the SI at the T max over the baseline value per minute with the following equation: slope ϭ (SI max Ϫ SI prior ) ϫ 100/(SI prior ϫ T max ) ϭ MER/T max (percent per minute). The washout ratio, or WR, was calculated as the percentage of decrease of the SI between the SI max and the SI at 3 minutes after T max (SI WR ) with the following equation: WR ϭ (SI max Ϫ SI WR ) ϫ 100/SI max (percent). When the T max of the time-SI curve was 4 minutes, the SI WR was directly obtained from the time-SI curve because the image at 7 minutes was not obtained. When the T max was at 6 or 8 minutes, the washout ratio could not be calculated according to the definition of the washout ratio. Therefore, the washout ratio of such cases was set at zero.
Histologic Examination
Two pathologists (S.K., O.E.) without any information about the radiologic images and patient characteristics performed all histologic analyses and determined a decision with consensus. The analysis was performed on archived sections.
All surgical specimens were fixed with 10% buffered formalin in the inflated state by means of transpleural and transbronchial injection of 10% formalin for 24 hours. The pathologic specimens were sectioned transversely or coronally at 5-mm intervals in the same plane in which the dynamic MR images were obtained. Histologic materials including the tumor were embedded in paraffin wax. Two-micrometer sections were stained with hematoxylin-eosin for the conventional histologic characterization of lesions and with elastin-van Gieson for the analysis of the tumor interstitium. The other series of sections were used for the immunohistochemical analysis with a staining kit (LSAB; Dako Japan, Kyoto, Japan). For the detection of VEGF, the section was incubated with a 1:50 dilution of rabbit polyclonal antibody against a peptide mapping at the amino terminus of human VEGF (A-20; Santa Cruz Biotech, Santa Cruz, Calif). For the detection of CD34, the section was autoclaved for 2 minutes at 121°C in a 0.05M (0.05 mol/L) citrate buffer (pH 6.0) for the antigen retrieval and then incubated with a 1:50 dilution of mouse monoclonal antibody for human CD34 class I (BL-3C5; Dako Japan). The primary antibodies were incubated at 4°C overnight. The section was counterstained with hematoxylin-eosin after the immunodetection. Nonimmunoserum or a blocking peptide against CD34 antibody (sc152P; Santa Cruz Biotech) was used for the negative control.
Evaluation of MVDG and microvessel counts were assessed as previously described by Weidner et al (28) and Buadu et al (29) , with minor modifications. Briefly, any CD34-positive endothelial cell or cell cluster that was clearly separate from adjacent tumor cells and other connective tissue elements was considered to be a single countable microvessel. Vessel lumen was usually recognized inside of the vessel; however, it was not necessary for the structural definition of the microvessel. We did not use the presence of red blood cells to define a vessel lumen. All of the specimens were imaged at low magnification (ϫ40 or ϫ100), and the area of the densest neovascularization (greatest number of capillaries or small vessels) was first identified at imaging of the tumor sections. This neovascularization was then subjectively graded on a scale of 1ϩ (MVDG 1), which indicated low density of neovascularization, to 3ϩ (MVDG 3), which indicated high density of neovascularization. Individual microvessel counts were determined with a ϫ200 microscopic field, or 0.949 mm 2 per field, in the five areas of the highest vascular density. The microvessel counts were expressed as the mean counts in these five areas.
Distribution of the tumor interstitium was assessed by using the method of Yamashita et al (3) . Elastic fibers and collagen fibers are the main components of the extracellular matrix of the normal lung, and the pulmonary interstitium is composed of these fibers. With the elastin-van Gieson method, elastic fibers are stained dark brown and collagen fibers are stained pink. Accordingly, at staining with the elastin-van Gieson method, distributions of elastic fibers and collagen fibers were evaluated and graded as follows: elastic fibers 1 or collagen fibers 1, elastic fibers or collagen fibers in less than 20% of the inner area of the tumor; elastic fibers 2 or collagen fibers 2, elastic fibers or collagen fibers in more than 20% and less than 40% of the inner area of the tumor; and elastic fibers 3 or collagen fibers 3, elastic fibers or collagen fibers in more than 40% of the inner area of the tumor. The distribution of elastic fibers and collagen fibers (elastic fibers 1-3 and collagen fibers 1-3) was randomly evaluated five times with a ϫ200 microscopic field in the same inner area of the tumor as was used for calculation of the microvessel counts, and the median grade was chosen.
VEGF was considered positive if there was unequivocal immunostaining of the membrane or cytoplasm in more than 5% of the tumor cells on the slide of the largest section of the tumor, as reported by Tomoda et al (30) .
Statistical Analysis
Normality was evaluated by using the Shapiro-Wilk test. Because only the continuous variable of the slope value was normally distributed, nonparametric methods were used.
The relationship between VEGF expres- sion and patient characteristics, pathologic characteristics (tumor histologic type, microvessel counts, MVDG, and density grade of tumor interstitium; elastic fibers 1-3 or collagen fibers 1-3), or each parameter of dynamic MR imaging (MER, T max , slope, or washout ratio), and the relationship between the microvessel counts or MVDG and elastic fibers 1-3 or collagen fibers 1-3 were determined by using the 2 test and the Mann-Whitney U test.
The correlation between the microvessel counts and each parameter of dynamic MR imaging was analyzed by using the Spearman rank correlation coefficient (Spearman r). The linear regression between the microvessel counts and MR imaging parameters was performed with stepwise multiple regression analysis. The statistical analyses of the correlation of each parameter of dynamic MR imaging with MVDG and elastic fibers 1-3 or collagen fibers 1-3 were performed by using the Kruskal-Wallis and Bonferroni tests. All patients had been followed up for a minimum of 24 months (median followup, 60 months; range, 24 -124 months) at the time of the final observation (August 2000) or at death. Survival was calculated from date of surgery to date of death or last contact. In the latter group, survival was calculated by using a right censoring survival model. Survival outcomes were obtained from the patients' medical records or from the records of their primary care physicians or surgeons. The survival curves were calculated by using the Kaplan-Meier method and were analyzed by using the log-rank test. The effect of each variable on the risk of death was assessed with multivariate analyses by using the Cox proportional hazards model.
A P value of less than .05 was considered to indicate a statistically significant difference. The Shapiro-Wilk test was performed with statistical software (JMP, version 4.0; SAS, Cary, NC). All other statistical analyses were performed with software (StatView, version 5.0; Abacus Concepts, Berkeley, Calif) and a computer (Macintosh; Apple Computer, Cupertino, Calif).
RESULTS
Relationship between Imaging Parameters and Histologic Findings
There were no statistically significant differences in patient characteristics, individual parameters of dynamic MR imaging, or pathologic findings between patients with adenocarcinoma and those with squamous cell carcinoma. The patients with lymph node metastasis had an earlier T max and higher slope value than did those without metastasis (both, P Ͻ .05).
The microvessel counts were positively correlated with both the MER (Spearman r ϭ 0.469, P Ͻ .0001) and the slope value (r ϭ 0.739, P Ͻ .0001) and negatively correlated with the T max (r ϭ Ϫ0.693, P Ͻ .0001) ( Table 1 ). The stepwise multiple regression analyses revealed that the slope value was independently positively correlated with the microvessel counts (y ϭ 27.382 ϩ 1.372x; r 2 ϭ 0.564; P Ͻ .0001) (Fig 3) . The relationship between MVDG and enhancement characteristics (Table 2) revealed that tumors classified in MVDG 3 had a higher MER and slope value and an earlier T max than did tumors classified in MVDG 1 or 2. However, the difference was not significant in regard to the washout ratio of MVDG 1-3.
The washout ratio was influenced by the percentage of elastic fibers and collagen fibers in the tumor interstitium. There were significant differences between elastic fibers 1-3 and the washout ratio and between collagen fibers 1-3 and the washout ratio (Kruskal-Wallis test, elastic fibers 1-3 vs washout ratio, P Ͻ .001; collagen fibers 1-3 vs washout ratio, P Ͻ .05). The Bonferroni test revealed that the washout ratio was greater in elastic fibers 1 than it was in elastic fibers 2 and 3 (elastic fibers 1 vs elastic fibers 2 and 3, P Ͻ .01), and the washout ratio was greater in collagen fibers 1 than it was in collagen fibers 3 (P Ͻ .05). Other parameters of dynamic MR imaging (MER, T max , and slope value) did not correlate significantly with the percentage of elastic fibers or collagen fibers.
The difference between elastic fibers 1-3 and microvessel counts was significant (Kruskal-Wallis test, P Ͻ .001); however, the difference between collagen fibers 1-3 and microvessel counts was not statistically significant. The Bonferroni test revealed that the number of microvessel counts in elastic fibers 1 was smaller than that in elastic fibers 2 and 3 (both, P Ͻ .05).
Relationship between VEGF and Patient Characteristics, MVDG, Microvessel Counts, and Imaging Parameters
The statistically significant differences between VEGF-positive and VEGF-negative tumors are summarized in Tables 3  and 4 .
The correlations between VEGF and patients' characteristics (age, sex, and histologic type) did not indicate a significant difference. However, 25 (42%) of 60 patients with VEGF-positive tumors had lymph node metastasis, compared with only five (15%) of 34 patients with VEGFnegative tumors (P Ͻ .01). There were significantly more microvessel counts in patients with VEGF-positive tumors than there were in those with VEGF-negative tumors (P Ͻ .0001). The MVDG in patients with VEGF-positive tumors was higher than it was in patients with VEGFnegative tumors (P Ͻ .0001). The MER and the slope value in patients with VEGF-positive tumors were higher than they were in those with VEGF-negative tumors (P Ͻ .0001), and the T max in patients with VEGF-positive tumors occurred earlier than it did in those with VEGF-negative tumors (P Ͻ .0001). However, the difference of VEGF expression with washout ratio was not significant (P ϭ .0709).
Prognosis
Postoperative survival rates of the patients with tumors are shown in Figures  4 -8 . At the time of the analysis in this study, 36 patients had died. Overall 5-and 10-year survival rates were 67.5% and 30.6%, respectively.
Patients who had lymph node metastasis had a significantly shorter overall survival than did those with no lymph node metastasis (log-rank test, P Ͻ .0001).
Patients with VEGF-positive tumors had a significantly shorter overall survival than did those with VEGF-negative tumors (P Ͻ .0001). Among 64 patients with stage IA (N0) cancer, however, there was no statistically significant overall survival between patients with VEGF-positive tumors and those with VEGF-negative tumors (P ϭ .098). Patients with MVDG 1 had a significantly better prognosis than did those with MVDG 2 and 3 (MVDG 1 vs MVDG 2 and 3, P Ͻ .01). All patients were classified into two groups (a group with higher and a group with lower slope values) according to the cutoff value, which represented the median of all slope values (37.3% per minute). Patients with a higher slope value had a significantly shorter overall survival than did those with a lower slope value (P Ͻ .01).
The Cox proportional hazards model showed that a VEGF-positive tumor (P Ͻ .05; risk ratio, 3.254; 95% CI: 1.036, 10.218), the slope value (P Ͻ .01; risk ratio, 1.036; 95% CI: 1.011, 1.062), and a finding positive for lymph node metastasis (P Ͻ .0001; risk ratio, 9.676; 95% CI: 4.327, 22.097) were significantly related to survival.
Fifteen (83%) of 18 patients with all three factors, 14 (45%) of 31 patients with two factors, three (15%) of 20 patients with one factor, and four (16%) of 25 patients with none of these factors died during the study period (Fig 8) .
DISCUSSION
It has been shown that the degree of enhancement at CT following intravenous administration of contrast material correlates with the number of small vessels (3, 4, 24) and with endothelial cell markers (7). Yamashita et al (3) correlated the findings at contrast-enhanced dynamic CT with the number of blood vessels and the quantity of the tumoral interstitium (ie, elastic fibers). Maximum attenuation of lung carcinomas correlated with the number of small vessels (diameter, 0.02-0.10 mm) as assessed by using the factor VIII stain. Distribution of elastic fibers in the tumoral interstitium determined by using the elastin-van Gieson stain correlated with maximum attenuation and with the number of small vessels. With these studies, however, the relationship between MER or washout time of contrast material and the histopathologic findings or prognosis was not assessed.
In the present study, the number of microvessels, which were recognized by delineated CD34-positive cells, correlated with the MER. Furthermore, the number of small vessels correlated with the slope value of the time-SI curve, and this number correlated negatively with the T max . These results suggest that pul- monary carcinomas with many microvessels had stronger and faster gadolinium-based contrast agent enhancement than did pulmonary carcinomas with few microvessels. Because the slope value was calculated from the MER and the T max , the correlation with the microvessel counts and the slope value in the linear regression analysis revealed that both the maximum enhancement and the time correlated with the number of microvessels. The correlation between the washout ratio and the tumor interstitium in the current study suggests that pulmonary carcinomas with a relatively greater amount of interstitial tissue (ie, elastic fibers and collagen fibers) have a smaller washout ratio than do those with less interstitial tissue.
TABLE 4 Relationship between VEGF Expression and Microvessel Count and Enhancement Characteristics
In the present study, we demonstrated that the parameters of the first half of the time-SI curve (ie, MER, T max , and slope value) correlated with tumor angiogenesis (ie, microvessel counts and MVDG), and those of the latter half (ie, washout ratio) correlated with the tumor interstitium (the density grade of elastic fibers and collagen fibers, elastic fibers 1-3 and collagen fibers 1-3). These results suggest that intratumoral circulation of gadopentetate dimeglumine is dependent on the quantity and distribution of microvessels, elastic fibers, and collagen fibers within the tumor. The enhancement characteristics of dynamic MR imaging, therefore, reflect the degree of angiogenesis and neogenesis of the interstitium of pulmonary carcinomas.
Hittmair et al (10) demonstrated that contrast enhancement with iodinated contrast material and with gadopentetate dimeglumine was primarily produced by the accumulation of extravascular contrast material, which is caused both by an increased number of blood vessels and by high vascular permeability. The higher vascularity is caused by faster endothelial proliferation, and the increased vascular permeability is presumed to be caused by various mediators (10) .
Experimental evidence suggests that tumor growth depends on angiogenesis (31, 32) and that the ingrowth of new capillaries increases the opportunity for tumor cells to enter the circulation. There are reports of a relationship between the intensity of angiogenesis (ie, tumor microvessel counts) and probability of metastasis in various tumors (29, (32) (33) (34) (35) . These reports suggest that the likelihood of metastatic disease increases as the number of intratumoral microvessels increases. Since the number of small vessels had a positive statistical correlation to the MER and a negative correlation to the T max , the results suggest that the probability of metastasis might be increased for patients with pulmonary carcinomas that have strong and early enhancement at MR imaging with gadolinium-based contrast agents.
Angiogenesis, a prerequisite for tumor growth and progression, results from a shift in the equilibrium between angiogenic factor and angiogenic inhibitors (31, 36) . VEGF is one of the most important factors that mediates angiogenesis for stimulation of endothelial locomotion and proliferation (36) . VEGF is found in various types of tumor cells, and its expression is believed to have a pivotal role in the development of tumor blood vessels. Findings in many reports suggested that the microvessel count or the MVDG in cases of VEGF-positive tumors was higher than that in cases of VEGF-negative tumors (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In the present study, VEGF expression of 94 pulmonary carcinomas was evaluated immunohistochemically. The rate of VEGF-positive tumors was 63.8% (adenocarcinoma, 65.7%, vs squamous cell carcinoma, 59.3%; P ϭ .5601). The microvessel counts in cases of VEGFpositive tumors were significantly higher than those in cases of VEGF-negative tumors. This finding is consistent with those in previous reports, in addition to dynamic MR imaging characteristics (ie, MER, T max , and slope value), which were correlated with VEGF expression. These correlations suggest that VEGF is one of the major factors concerning angiogenesis, and MR imaging characteristics (especially slope value) might be an indicator for evaluation of VEGF-related tumor angiogenesis in pulmonary carcinomas. Furthermore, MR imaging findings may provide helpful information in the assessment of treatments that target tumor angiogenesis (eg, anti-VEGF agents). Microvessel counts and VEGF expression have been described as important prognostic factors for non-small cell carcinoma (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In the present study, VEGF expression and MR imaging characteristics (ie, the slope value) were demonstrated to be prognostic factors for small peripheral pulmonary adenocarcinoma and squamous cell carcinoma.
However, multivariate analysis showed that high microvessel count-associated poor survival probably is not an independent prognostic factor, because high microvessel counts may result from positive VEGF expression. These results are similar to those of Han et al (37) .
Ohta et al (15) and Shibusa et al (16) reported that patients with VEGF-negative tumors had significantly better survival rates than did those with VEGFpositive tumors (P Ͻ .05) in 17 patients (15) and 44 patients (16) with stage I pulmonary adenocarcinomas. In the present study, VEGF expression and prognosis were reevaluated in 64 patients with stage IA tumors, but the difference between patients with VEGF-positive tumors and VEGF-negative tumors was not statistically significant. Because we studied a different population by using a method that was different from the methods of Ohta et al or Shibusa et al, our results could not be compared with their results. Further evaluation between VEGF expression and the prognosis for stage IA pulmonary carcinoma is needed.
On the other hand, Ohta et al (21) and Fontanini et al (22, 23) reported that VEGF expression was associated with hilar and/or mediastinal nodal involvement in pulmonary carcinoma. In the present study, 25 (42%) of 60 patients with VEGF-positive tumors had lymph node metastasis, whereas this occurred in only five (15%) of 34 patients with VEGFnegative tumors (P Ͻ .01). Patients with VEGF-positive tumors had a greater prevalence of lymph node metastasis than did those with VEGF-negative tumors. Although the detailed mechanisms and the significance of VEGF expression in metastatic lymph nodes remain unknown, the frequency of lymph node metastasis might increase in pulmonary carcinomas that have a large number of microvessels and increased VEGF expression. Because the N factor is the most important prognostic factor, the present result might be due to the presence or absence of lymph node metastasis. Patients with lymph node metastasis had an earlier T max and a higher slope value than did those without metastasis. Moreover, dynamic MR imaging characteristics, especially the slope value, might be useful in assessment of lymph node metastasis because the slope value is correlated with microvessel counts in linear regression analysis, and there is a statistically significant relationship between VEGF expression and the slope value.
In conclusion, the results suggest that intratumoral gadopentetate dimeglumine circulation depends on the quantity and the distribution of small vessels and elastic fibers in the tumoral interstitium. Patients with VEGF-positive tumors, a higher slope value, and positive findings for lymph node metastasis had a significantly shorter overall survival than did those with VEGF-negative tumors, a lower slope value, and findings negative for lymph node metastasis. The highest mortality was seen in patients with all three prognostic factors (15 of 18 [83%] ). Findings at dynamic MR imaging might be helpful in the assessment of tumor angiogenesis and tumor interstitium of pulmonary carcinomas. These findings might also be helpful in the prediction of the prognosis of patients with small peripheral pulmonary carcinomas.
